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Introduction μg/ml, and tetracycline at 2 μg/ml when necessary. PYE plates containing 3% sucrose were used 146 for counter-selection. Escherichia coli was cultured on Luria-Bertani (LB) medium (10 g/L 147 tryptone, 10 g/L NaCl, 5 g/L yeast extract) at 37°C. Kanamycin was used at 50 μg/ml, 148 gentamycin at 20 μg/ml, and tetracycline at 12 μg/ml when necessary. NEBuilder for Gibson Assembly tool online (New England Biolabs) and were constructed to be 159 used with the pNPTS138 vector (MRK Alley, unpublished) . Following a digestion of the vector 160 using HindIII and EcoRI the vector along with both fragments were added to Gibson Assembly 161 Master Mix (New England Biolabs) and allowed to incubate for an hour at 50°C. Reactions 162 were then transformed into E. coli and correct plasmid construction verified by sequencing to 163 create plasmid pLAS1. This plasmid was used to delete pleC in B. subvibrioides as previously 164 described (3). 165 To create insertional mutations in genes, internal fragments from each gene were PCR 166 amplified. A fragment from gene cpaF was amplified using primers cpaFF 167 (GCGAACAGAGCGACTACTACCACG) and cpaFR (CCACCAGGTTCTTCATCGTCAGC) . 168 A fragment from gene pleD was amplified using primers PleDF (CCGGCATGGACGGGTTC) 169 and PleDR (CGTTGACGCCCAGTTCCAG). A fragment from gene dgcB was amplified using 170 primers DgcBF (GAGATGCTGGCGGCTGAATA) and DgcBR 171 (CGAACTCTTCGCCACCGTAG). A fragment from gene cleD was amplified using primers 172 Bresu1276F (ATCGCCGATCCGAACATGG) and Bresu1276R 173 (TTCTCGACCCGCTTGAACAG). The fragments were then cloned into the pCR vector using 174 the Zero Blunt cloning kit (Thermo Fisher), creating plasmids pPDC17 (cpaF), pLAS1 (pleD), 175 pLAS2 (dgcB), and pLAS3 (cleD). These plasmids were then transformed into B. subvibrioides 176 strains as previously published (3). The pCR plasmid is a non-replicating plasmid in B. 177 subvibrioides that facilitates insertion of the vector into the gene of interest via recombination, 178 thereby disrupting the gene.
179
To create a C-terminal B. subvibrioides DivJ fusion, ~50% of the divJ gene covering the The resulting integration creates a full copy of gene under the native promoter that produces a 190 protein with C-terminal GFP tag, and a ~50% 5' truncated copy with no promoter. This 191 effectively creates a strain where the tagged gene is the only functional copy.
192
Due to the small size of the divK gene, a region including the divK gene and ~500 bp of Cells (1.5 ml) were centrifuged 15,000 x g for 3 min at room temperature. The cell pellet was 209 then resuspended in 1 ml of water before being centrifuged again. This process was repeated.
210
Cells were resuspended in 50 µl of nuclease free water, to which 0.2 µl of transposome was 211 added. The mixture was incubated at room temperature for 10 minutes. The mixture was added 212 to a Gene Pulser Cuvette with a 0.1 cm electrode gap (Bio-Rad). The cells were then electroporated as performed previously (3). Electroporation was performed using a GenePulser 214 Xcell (Bio-Rad) at a voltage of 1,500 V, a capacitance of 25 µF, and a resistance of 400 Ω. After 215 electroporation, cells were resuspended with 1 ml of PYE then incubated shaking at 30°C for 3 216 hours. Cells were diluted 3-fold then spread on PYE + Kan plates (100 µl/plate). Plates were 217 incubated at 30°C for 5-6 days. 
Short-term adhesion assay 231
Strains were grown overnight in PYE, diluted to an OD 600 of 0.02, and allowed to grow 232 for two doublings (to OD 600 of ~0.06 -0.07). All strains were diluted to OD 600 = 0.05, at which 233 time 0.5 ml of each strain was inoculated into a well of a 24-well dish and incubated at 30°C for 234 2 hours in triplicate. Cell culture was removed and wells were washed 3 times with 0.5 ml of 235 fresh PYE. To each well was added 0.5 ml of 0.1% crystal violet and incubated at room temperature for 20 minutes. Crystal violet was removed from each well before the plate was 237 washed by dunking in a tub of deionized water. Crystal violet bound to biomass was eluted with 238 0.5 ml acetic acid and the A 589 was quantified using a Themo Nanodrop 2000 (Themo 239 Scientific). Averages for each strain were calculated and then normalized to wild-type values 240 inoculated into the same plate. These assays were performed three times for each strain and used 241 to calculate average and standard deviation. 20 minutes at room temperature. Cells were washed with 1 ml of sterile water then centrifuged 248 15,000 x g for 1 min at room temperature. The cell pellet was resuspended in 30 µl of sterile 249 water. A 1% agarose pad (agarose in H 2 0) was prepared for each strain on a glass slide to which 250 1 µl of culture was added. Slides were then examined and photographed using an Olympus IX81 251 microscope by phase contrast and epifluorescence microscopy at appropriate wavelengths.
252
Holdfast of GFP-labeled strains were stained with Alexafluor 594 (RFP imaging 253 conditions) conjugated to Wheat Germ Agglutinin and prepared for imaging as described above. Phage sensitivity assays. 282 Two different phage sensitivity assays were used. First (hereafter referred to as the 283 spotting assay) involved the mixing of cells and phage in liquid suspension and then spotting 284 droplets on an agar surface. Each cell culture was normalized to OD 600 = 0.03. The culture was 285 then diluted 10 -2 , 10 -4 and 10 -5 in PYE medium. For control assays, 5 l of each cell suspension 286 (including undiluted) was mixed with 5 l PYE, then 5 l of this mixture was spotted onto PYE 287 plates, allowed to dry, then incubated at room temperature for 2 days. For the phage sensitivity 288 assays, 5 l of each cell suspension was mixed with 5 l of phage stock (~1 x 10 10 pfu/ml), 5 l 289 spotted onto PYE plates, allowed to dry, then incubated at room temperature for 2 days.
290
The second assay (hereafter referred to as the soft agar assay) involved creating a lawn of 291 cells and spotting dilutions of phage on the lawn. Cell cultures were normalized to OD 600 = 0.03 292 and 200 l of cells were mixed with 4.5 ml PYE with molten 0.5% agar, mixed, poured onto a 293 PYE agar plate, and allowed to harden. Phage stock (~1 x 10 10 pfu/ml) was diluted in PYE 294 media as individual 10X dilutions to a total of 10 -7 dilution. 5 l of each phage concentration 295 (10 -1 to 10 -7 , 7 concentrations total) were spotted on top of the soft agar surface and allowed to 296 dry. Plates were incubated 2 days at room temperature. Plates were then examined for strains that had expanded noticeably further than the parent divK 304 strain from the inoculation point. Those strains of interest were then isolated for further testing. 
318
Given the large size of the resulting AluI fragment from the transposon sequence alone, another 319 primer AluIFSeq (CGGTGAGTTTTCTCCTTCATTACAG) was designed specifically for se-320 quencing after iPCR was complete. Primers were designed facing outward toward either end of 321 the transposon such that the resulting PCR amplicon would be fragments that begin and end with 322 transposon sequence with gDNA in between. PCR reactions were prepared using 10.75 µl H 2 0, 323 5 µl HF buffer (BioRad), 5 µl combinational enhancer solution (2.7 M betaine, 6.7 mM DTT, 324 6.7% DMSO, 55 µg/mL BSA), 1 µl of template DNA from each ligation, 1 µl each of their re-325 spective forward and reverse primers (primers based on what enzyme was used during diges-tion), 1 µl of 10 mM dNTP's (BioLine), and 0.25 µl iProof (BioRad). PCR conditions were as 327 follows. Initial melt was set to 98°C for 30 seconds. Melting temperature was set to 98°C for 45 328 seconds, annealing temperature was set to 52°C for 20 seconds, extension temperature was set to 329 72°C for 2:30 seconds. and these three steps were cycled through 30 times. Final extension tem-330 perature was set to 72°C for 10 minutes. 5 µl from each reaction were run on a 1% agarose gel 331 to check for fragments. Those reactions that tested positive for bands were drop dialyzed using 332 0.025 µm membrane filters (Milllipore) then prepared for sequencing with their respective pri-333 mers. Samples were sent to Eurofins for sequencing.
335
Quantification of c-di-GMP. 336 Strains of interest were grown overnight in PYE to an OD 600 of 0.05 -0.07. Metabolites 337 were then extracted from each sample and c-di-GMP was quantified using the protocol previous-338 ly described in (27) . Metabolites from each strain were extracted in triplicate. Remaining cellu-339 lar material was dried at room temperature and resuspended in 800 µL 0.1M NaOH. Samples 340 were incubated at 95°C for 15 minutes. Samples were then centrifuged for 10 min at 4°C, 341 20,800 x g. Protein levels were measured in triplicate for each sample using 10 µl from the pel-342 let treatment and the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Intracellular 343 concentrations measured by mass spectrometry were then normalized to protein levels.
345

Results
346
Deletion mutants in the B. subvibrioides DivJ-DivK-PleC system result in varied
347 phenotypes compared to that of analogous C. crescentus mutations. In the previous study 348 done in Brevundimonas subvibrioides, deletion mutants of the genes divJ, divK, and a divJdivK double mutant were made and partially characterized, uncovering some starkly different 350 phenotypes compared to the homologous mutants in C. crescentus. However, characterization of 351 this system was not complete as it did not extend to a key player in this system: PleC. As 352 previously mentioned, C. crescentus pleC mutants display a lack of motility, pili, holdfast, and 353 stalks (28). To begin examining the role of PleC in B. subvibrioides, an in-frame deletion of the 354 pleC gene (Bresu_0892) was created. This strain, along with the previously published divJ, 355 divK, and divJdivK strains, were used in a swarm assay to analyze motility. All mutant strains 356 displayed reduced motility in swarm agar compared to the wild-type ( Figure 1A) . This had been 357 reported for the published strains (3). The mechanistic reasons for this are unclear. All were 358 observed to produce flagella and were seen to swim when observed microscopically. The divJ 359 strain has significantly filamentous cell shape which is known to inhibit motility through soft 360 agar, but the divK and divJdivK strains actually have shorter than wild-type cells. The nature of 361 the pleC motility defect is also unknown. The cell size of the pleC mutants was not noticeably 362 different from that of wild-type cells ( Figure 1B) . The C. crescentus pleC mutant is known to 363 have a paralyzed flagellum which leads to a null motility phenotype, but B. subvibrioides pleC 364 mutants were observed swimming under the microscope suggesting that unlike C. crescentus 365 their flagellum remains functional. While the mechanistic reason for this discrepancy is 366 unknown, it does provide another important difference in developmental signaling mutants 367 between the two organisms.
368
To further the phenotypic characterization, these strains were analyzed for the surface 369 adhesion properties using both a short-term adhesion assay as well as staining holdfast material 370 with a fluorescently-conjugated lectin. As previously reported, the divK and divJdivK strains had 371 minimal adhesion and no detectable holdfast material ( Figure 1AB ). It was previously reported that the divJ strain had increased adhesion over wild-type, but in this study, it was found to have 373 slightly reduced adhesion compared to wild-type. It is not clear if this difference is significant.
374
The pleC strain had reduced adhesion compared to wild-type, but more adhesion compared to the 375 divK or divJdivK strains. When analyzed by microscopy, the pleC strain was found to still 376 produce detectable holdfast, which is a difference from the C. crescentus pleC strain where 377 holdfast was undetectable (28, 29) . stained using a WGA lectin conjugated with a fluorophore that uses RFP imaging conditions. As 384 seen in Figure 1C , DivJ-GFP formed foci at the same pole as the holdfast, while PleC-GFP 385 formed foci at poles opposite holdfast. As it has been demonstrated that holdfast material is 386 produced at the same pole as the stalk in B. subvibrioides (30), this result suggests that these 387 proteins demonstrate the same localization patterns as their C. crescentus counterparts.
388
Additionally, DivK-GFP was seen to form bipolar foci in predivisional cells ( Figure 1C ), the 389 same as C. crescentus DivK. Therefore, while the phenotypic consequences of signaling protein 390 disruption vary between these organisms, the localization patterns of the proteins are consistent. host range for this phage, it was tested against multiple Brevundimonas species (Figure 2A) .
405
Delta has a relatively narrow host range, causing the largest reduction of cell viability in B. 406 subvibrioides and B. aveniformis, with some reduction in B. basaltis and B. halotolerans as well.
407
None of the other 14 Brevundimonas species showed any significant reduction in cell viability.
408
Neither did Delta show any infectivity toward C. crescentus (data not shown). While B. To begin identifying the infection mechanism of Delta, B. subvibrioides was randomly 415 mutagenized with a Tn5 transposon and resulting transformants were mixed with Delta to select 416 for transposon insertions conferring phage resistance as a way to identify the phage infection 417 mechanism. Phage resistant mutants were readily obtained and maintained phage resistance 418 when rescreened. A number of transposon insertion sites were sequenced and several were 419 found in the pilus biogenesis cluster homologous to the C. crescentus flp-type pilus cluster. In-420 sertions were found in the homologs for cpaD, cpaE and cpaF; it is known disruption of cpaE in 421 C. crescentus abolishes pilus formation and leads to CbK resistance (2, 3, (31) (32) (33) . A targeted 422 disruption was made in cpaF and tested for phage sensitivity by the soft agar assay (Figure 2B ).
423
The cpaF disruption caused complete resistance to the phage. The fact that multiple transposon 424 insertions were found in the pilus cluster and that the cpaF disruption leads to phage resistance 425 strongly suggest that Delta utilizes the B. subvibrioides pilus as part of its infection mechanism.
426
The identification of another pili-tropic phage is not surprising as pili are major phage targets in 427 multiple organisms.
428
Phage Delta was used to assess the potential pilis production in developmental signaling 429 mutants using the soft agar assay ( Figure 2C ). The divJ mutant has similar susceptibility to 430 Delta as the wild-type, suggesting this strain still produces pili. This result is consistent with the 431 C. crescentus result as the C. crescentus divJ mutant is CbK susceptible (8). Conversely, the B. 432 subvibrioides pleC mutant shows a clear reduction in susceptibility to Delta, indicating that this 433 strain is deficient in pilus production. If so, this would also be consistent with the C. crescentus 434 pleC mutant which is resistant to CbK (8, 28). With regards to the divK strain, if that mutant 435 were to follow the C. crescentus model it should demonstrate the same susceptibility as the divJ 436 strain. Alternatively, as the divK strain has often demonstrated opposite phenotypes to divJ in B. 437 subvibrioides, one might predict it to demonstrate resistance to Delta. As seen in Figure 2C , the 438 divK strain (and the divJdivK strain) shows the same level of resistance to phage Delta as the subvibrioides developmental signaling mutants were tested with phage Delta in soft agar phage 805 assays. Wild-type shows clear susceptibility to Delta, as does the divJ strain suggesting that, like 806 C. crescentus divJ, it produces pili. The pleC strain shows a 2-3 orders of magnitude reduced 807 susceptibility to the phage, indicating reduced pilus production which is consistent with the C. 808 crescentus phenotype. The divK and divJdivK strains display similar to resistance as the pleC 809 strain. Here again, divK disruption causes the opposite phenotype to divJ disruption, unlike the 810 C. crescentus results. PleD lead to increased motility in the wild-type background, but only CleD and DgcB lead to 824 increased motility in the divK background. Disruptions in the wild-type background lead to 825 varying levels of adhesion reduction, but the same disruptions had no effect on adhesion in the 826 divK background. B) C-di-GMP levels were measured using mass spectrometry then normalized 827 to the amount of biomass from each sample. Despite disruptions causing increased motility in 828 the wild-type background, those strains had different c-di-GMP levels. No disruption changed c-829 di-GMP levels in the divK background even though some strains suppressed the motility defect 830 while others did not. These results show a discrepancy between phenotypic effects and 831 intracellular c-di-GMP levels. below the x-axis outline inducer used for plasmids in each strain. In the wild-type background 840 the medium copy DGC increased motility and decreased adhesion, which is opposite the 841 expected outcome, while the PDE reduced motility and severely reduced adhesion. In the divK 842 background, no expression construct significantly altered the phenotypes. B) C-di-GMP levels 843 were measured using mass spectrometry then normalized to the amount of biomass from each 844 sample. In the wild-type background the medium copy DGC significantly increased c-di-GMP 845 levels while the PDE reduced c-di-GMP levels. In the divK background, both DGC constructs 846 increased c-di-GMP levels, though PDE expression has no effect, despite the fact that neither 847 DGC construct has an effect on motility and adhesion phenotypes. 
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